High-power (HP) UV-LEDs can replace UV lamps for real-time fluoro-sensing applications by allowing portable and autonomous systems. However, HP UV-LEDs are not a mature technology, and there are still open issues regarding their performance evolution over time. This paper presents a reliability study of 3 W UV-LEDs, with special focus on LED degradation for two working conditions: continuous and cycled (30 s ON and 30 s OFF). Accelerated Ufe tests are developed to evalúate the influence of temperature and electrical working conditions in high-power LEDs degradation, being the predominant failure mechanism the degradation of the package. An analysis that includes dynamic thermal and optical HP UV-LED measurements has been performed. Static thermal and stress simulation analysis with the finite element method (FEM) identifies the causes of package degradation. Accelerated Ufe test results prove that HP UV-LEDs working in cycled condition have a better performance than those working in continuous condition.
Introduction
The main applications for ultraviolet (UV) light sources are in the graphic arts market, water purification and UV ink curing. UV lamps are also used as light sources in complex spectroscopy fluoro-sensing techniques, which analyze materials or molecules diluted in liquids [1, 2] . The HP UV-LED will be a relevant improvement in this área [3] .
To produce the effect of fluorescence, it is necessary that the substance to be detected emits at a wavelength greater than the light source used. Therefore, UV light sources are required to detect hydrocarbon pollutants in water. UV light sources must emit sufficient light so that the spectrometer can detect the pollutant's pattern. During the last several years, the development of high-power (HP) ultraviolet (UV) light emitting diodes (LEDs) has improved very quickly, and currently, HP UV-LEDs are commercially available from different manufacturers. In previous works [4], we analyzed the viability and advantages of using UV-LEDs instead of conventional UV lamps for fluorescence applications due to their size, response time, power consumption, heat dissipation and cost.
These advantages could help to develop a new generation of portable and autonomous fluoro-sensing equipment [4, 5] for hydrocarbon real-time detection in inland waters [4] . Another expected advantage that must be analyzed is the lifetime and degradation of the UV light source. A conventional UV light source has an estimated life of approximately 500-2000 h, while the UV-LED estimated life is 20, 000-50,000 h [6] . This is an important issue because using HP UV-LEDs in real-time pollutant fluorescence detection [4] , it is necessary to ensure the maintenance of performance during a continuous (24 h/day) and long period of working time. Therefore, a careful reliability analysis with accelerated life tests (ALT) that is presented in this work is needed. The results could be applied for HP UV-LEDs in fluoro-sensing and other critical lighting systems that work during a long period of time. Thus, the main results and conclusions of this work could be extended to other technological áreas with UV-LEDs.
The main objective of this work is to identify the influence of working conditions on the degradation of UV-LED light output. This paper has been organized in the following sections: First, the LED package and experimental setup in Section 2 will be described. Later, the influence of the proposed working conditions on the LEDs is evaluated. The core of this paper is the influence of working conditions on package degradation, which causes UV-LED failures. This paper ends with proposed improvements and conclusions in Section .
Experimental set up

2A. LEDs and package description
The main characteristics of these UV-LEDs are 3 W, 365-nm wavelength, 700-mA máximum nominal continuous current and an optical power of 900 mW. The LEDs have been tested at 600-mA current injection (85% of the máximum nominal continuous current).
An LED chip is encapsulated in a surface mount ceramic package with a glass lens filled with silicone ( Figs. 1 and 2 ). The LED package has a footprint of approximately 4.5 mm x 4.5 mm and is welded on a metal core printed circuit board (MCPCB), also known as an insulated metal substrate (IMS) type [7] with a standard star shape of 19.9 mm and an aluminum core (Fig. 2, left) . In this structure, a heat sink of 40 x 40 x 18 mm with thermal tape (ALD™, heat sink BGA-STD-115) has been screwed and adhered to the star MCPCB, as shown in Figs. 1 and 2 . Fig. 2 shows a high-power UV-LED that is mounted for the tests. The left figure shows the LED used with the star MCPCB, and the right figure shows the same device mounted with the heat sink. In this application, the LED is facing down because it has to perform the excitation of water with possible pollutants that is flowing through a duct; and for that, the fins of the heat sink look up for an adequate natural convection. For the working cycled condition, a custom circuit has been developed to control and avoid overcurrent peaks in commutations.
The performance parameter used to characterize the LEDs during the tests was light output. It is evaluated through a M1GHTEX™ spectrometer that measures the optical power spectrum. LEDS were also characterized by I-V curves inside and outside the oven. Furthermore, package degradation has been evaluated by using optical microscopy. Additional information related to the instrumentation system used in this work has been described in a previous work [8].
Test description
For this analysis, 11 high-power UV-LEDs have been characterized under ALTs during approximately 4000 h at three ambient temperatures (60 °C, 75 °C and 90 °C) under natural convection and two working conditions (continuous and low frequency cycled to 30 s ON and 30 s OFF). This low frequency cycle has been selected instead of high frequency, i.e. 10 kHz, because the pollutant fluorescence pattern can be measured during continuously emitted light, making it possible to identify the hydrocarbon type. High frequency pulse light introduces a new variable of identification, the fluorescent decay, which makes the identification difficult. Other duty cycles with 60-s working periods have been considered, but 30 s ON and 30 s OFF has been selected as the most suitable for this application (see the next section).
For each ALT, we used one power supply with precise current control. All LEDs have been connected in series at a constant current (600 mA) that does not vary during tests and a voltage that follows the sum of LED working point voltages during the test. 
Working condition analysis
LED density current and temperature are very important issues for high-power LEDs because LED light output usually increases with current and high-power LEDs work at high currents. However, high density currents expect an increase in temperature and both parameters, density current and temperature negatively affect LED degradation and reliability [9] [10] [11] [12] [13] . For that, it is necessary to trade-off among functionality, great luminosity with high current, and high reliability.
With the objective to reduce working temperature and the injected current working time, continuous working conditions and various cycled working conditions have been tested. The main objectives of this cycled working condition are to reduce the real working period over calendar time and to reduce the working temperature by maintaining the injected current and functionality. In cycled mode the calendar time includes the whole cycled time (ON time plus OFF time). On the other hand, the cycled conditions have an additional switch ON-OFF stress that must be considered. Assessing the benefits and drawbacks of both working conditions is one of the objectives of this work. Therefore, two working conditions have been analyzed with equivalent functionality in calendar time:
-Continuous working condition. LEDs are working in a continuous condition during the entire period of time. -Cycled working condition. LEDs are working with ON and OFF injected cycles for a period of 60 s.
Before the temperature ALT, we evaluated the influence of both working conditions on LED junction temperature and LED light output. We have analyzed three cycled conditions: 10 s ON and 50 s OFF, 30 s ON and 30 s OFF and 50 s ON and 10 s OFF. These three working conditions are suitable for detecting pollutants in water by using the real-time fluorescence system and by reducing the LED working time and temperature. The results of the 50 s ON and 10 s OFF cycled working condition are very similar in temperature to the continuous condition and, therefore, will not be presented.
The LED junction temperature at the different working conditions has been measured using the I-V LED curve as a sensor of junction temperature [12, [14] [15] [16] [17] . Voltage at a prefixed low injected current is used to measure the LED junction temperature, Tj. Previously, a calibration between voltage at a low injected current and Tj was made in the range of the working temperature. In Fig. 3 , the LED Tj evolution with time for the 25 °C ambient temperature, I a , and natural convection for the three working conditions are shown.
Simultaneous to the Tj measurements, the optical power spectrum was recorded. The light output máximum peak at 25 °C is referenced with respect to its initial valué in Fig. 4 . From Figs. 3 and 4, it can be observed that as the LEDs start to work, the junction temperature increases and the light output decreases. During OFF states without light output, the junction temperature decreases.
From the analysis of Figs. 3 and 4, we can conclude that for the continuous working condition, the increase in junction temperature is significantly larger (20.5 °C) than in both cycled working conditions: a máximum of 14.5 °C for 30 s ON and 30 s OFF and 10 °C for 10 s ON and 50 s OFF. This junction temperature increase negatively affects the light output. In the continuous working condition, the light output reduction with respect to the initial valué is larger (10.2%) than in cycled working conditions (7.2% and 5%). Additionally, it can be observed that the time for stable functionality is lower than 30 min.
One problem with the cycled working condition is the light output level. Thus, in Fig. 5 , a detailed time graph of the normalized light output is represented. In the 30 s ON cycled condition, a relatively stabilized output can be observed during the last 10 s of the cycle that can be used for fluoro-sensing applications [4] . However, in the 10 s ON cycled mode, the stabilization is considerably poorer and makes the sensing use difficult; thus, it is dismissed. As observed in Figs. 3 and 5, two time constants are clearly involved in Tj for the 30 s ON and 30 s OFF cycles and for the light output (see Fig. 5 ). The first vertical increase/decrease of Tj is due to the low thermal capacitance of the UV-LED chip and the ceramic package, and the slow slope corresponds with the set of star MCPCB and the heat sink.
Applying the analogy between thermal and electrical RC circuits and the procedure for the dynamic thermal analysis of [18], we have modeled the thermal circuit as an electrical equivalent circuit with two series RC networks (R1C1 for the LED package and R2C2 for the aluminum sinks) (Fig. 6 ). The sum of the thermal resistance can be obtained from the power dissipated during the ON state of 1.49 W (2.14 W of LED power less 0.65 W of emitted light) and the average stable increment of temperature (11.32 °C). This results in Rthj_ a =15.2°C/W (Rl+R2 = 15.2fi in the electrical circuit). Fitting the measured decrement of temperature to the sum of the discharge of two RC circuits (V(R\) + V{R2) + 25 V), the constants Simulating with SP1CE™ for the electrical circuit with a voltage of 25 V (equivalent to Ta) and a cycled current of 1.49 A (equivalent to dissipated power), we obtain the dynamic thermal analysis with a 30 s ON and 30 s OFF condition that fits with the experimental junction temperature in Fig. 6 . This model simulates and identifies the dynamic thermal response for other power and cycled conditions.
Light output degradation vs. working condition
Temperature is an accelerator life stressor [9] [10] [11] [12] [13] that can be used to analyze in a short period of time the light output degradation and to identify the device weaknesses from the reliability point of view [19] . Eleven LEDs have been subjected to ALTs (two for each temperature and working condition, except for 90 °C with only one LED in the cycled condition). The small sample size of these tests will not allow us to obtain accurate reliability data, and therefore, the objective of the tests is to analyze the influence of the working condition in the LED performance evolution.
In this work, two types of failures have been considered: catastrophic failures in which power luminosity decays abruptly to zero and light output degradation failures. Degradation failure is defined in the same way as Alliance for Solid-State Illumination Systems and Technologies (ASSIST) proposes for illumination applications, when light output decays below 70% of the initial light output [20] .
In our tests, we have not observed any catastrophic failures, but several LEDs have failures for the degradation mode. Light output has been assessed by means of the LED light output spectra. The spectra of LEDs are measured periodically during the ALTs outside the ovens at T a = 25 ± 0.5 °C with natural convection. The spectra of these LEDs consist of a unique peak at 368 nm with a full width high máximum (FWHM) of approximately 9 nm. During the tests, we observed a slight peak shift to higher wavelengths (1.5 nm), but we did not observed any peak widening with an accuracy of 0.3 nm. These valúes are according to the HP UV-LED manufacturing specifications with a peak wavelength between 365 and 370 nm. Therefore, the peak intensity valué has been considered as an assessment of light output performance [9] . All of the LEDs have been characterized with this technique at its initial stage and at different intermedíate stages of the test observing a similar behavior for the peak position and FWHM, as shown in Fig. 7 .
To evalúate the evolution of the electrical characteristics of LEDs during the ALTs, periodical measurements of the I-V curve outside the ovens at T a = 25 ± 0.5 °C and natural convection with a current limit of 1 A have been developed. In Fig. 8 , the I-V curve evolution has been represented for one of the LEDs in the strictest conditions: 90 °C and continuous mode. As observed, the I-V curve evolution has two different stages. During the first 68 h, there is a small evolution of the I-V curve that is accomplished with a 12% power light degradation. After that, from 68 h until the end of the tests at 4020 h, the evolution of the I-V curve is considerably smaller even though the power light degradation is larger than 82%. All LEDs have a similar I-V curve two-stage evolution and is faster at higher temperatures and in the continuous working mode. During the first tens of hours, there is an evolution at the intermedíate voltage of the I-V curve. This period corresponds with power light degradation over 10-20%, and after that, the I-V evolution is considerably lower being power light degradation substantially more important. In LED reliability analysis [19] , there are several mechanisms that simultaneously affect LED degradation. Some of them as semiconductor or wire bonding degradation affect both the I-V curve and power light, but others as package degradation only affect power light degradation. Therefore, it seems that during the initial stage, the predominant degradation appears on semiconductor (wire bonding degradation is reflected at low currents on the I-V curve and is not the case) degradation, and in the second stage, package degradation is the main degradation mechanism. In conclusión, LEDs package degradation is the main failure mechanism.
In Fig. 9 , the evolution of the average normalized light output of the LEDs at the different working conditions (C-Continuous and CL-Cycled for 30 s ON/ 30 s OFF) and temperatures (60 °C, 75 °C and 90 °C) can be observed. The ALT time for the cycled mode includes the whole cycled time (ON time plus OFF time). From  Fig. 9 , it is possible to conclude: -All of the LEDs have optical power degradation starting at the initial stage. -Optical power degradation for the same working condition is larger when the ambient temperature is higher. -Optical power degradation for the same temperature is larger in the continuous working condition than in the cycled working condition.
Considering failure degradation at a 70% normalized light output in Fig. 9 , it can be observed that for the same temperature, the average failure time in the cycled mode is two to three times larger than in the continuous mode.
LEDs package degradation
LEDs were characterized by optical microscopy to identify package degradation due temperature and working conditions. During the tests, we did not observe any package yellowing, but after several hundreds of hours, we first observed silicone package cracking, and after that, the branched cracks and surface silicone degrade over the chip. In Fig. 10 , two optical microscopy photographs of the LED at the initial stage and after cracking are shown. The cracking has an X shape, and it is in line with the two wire bondings of the LED. Fig. 11 represents the time instant when silicone cracking is detected for the 11 LEDs under test. At higher temperatures and the same working conditions, cracks appear earlier. Furthermore, LEDs working in the continuous working condition have silicone cracking earlier than LEDs working in the cycled condition. Only one LED working in most benign conditions (60 °C) and cycled working conditions does not exhibit silicone cracking during the whole test.
As related to the influence of cracking in light output degradation, in Fig. 12 , we represented the normalized light output for LEDs at 60 °C ALT and the detection time of silicone cracking. It can be observed that LED4 does not have silicone cracking.
We observed in all of the tests (see Fig. 12 ) that a direct relationship exists between package cracking and an important increase in light output degradation. After the first silicone cracking, the degradation continúes with branches and delamination until the degradation failure of the LED. The main conclusión is that silicone package degradation (cracking) is the origin of light output degradation failure.
LED package failure analysis
The HP UV-LED is an innovative technology in development, especially for deep UV, and it can be assumed that the semiconductor is the weakest element of the device. However, we observed the importance of LEDs package degradation. Although there is an important technological experience in high-power encapsulated • CYCLED W.
Tests temperature (9C) Fig. 11 . Test time detection for silicone cracking vs. test temperature for both working conditions. LEDs [19, 21, 22] , the HP UV-LEDs package has additional stress sources such as high self-heating and high energy UV radiation that must be analyzed.
Failure analysis
As shown in the previous section, in LEDs working with continuous injected current conditions (Figs. 9, 11 and 12) , the package degrades earlier than in LEDs working in cycled injected current conditions (30 s ON and 30 s OFF). Therefore, temperature and continuous time injection cause more package degradation than the thermo-mechanical stress produced by the ON-OFF current injection cycle. Additional LEDs tested at a 90 °C storage temperature without injection current do not have significant package and light output degradation.
In Fig. 13 , the package degradation evolution can be seen for a UV-LED working in continuous mode at 60 °C ALT. The detection of package degradation occurs at 1080 h by observing a complete crack that starts in a wire bonding. At 1145 h, a second crack originates in the other wire bonding that evolves at 1215 h. After 1500 h, there are a progressive number of cracks and delaminations (see upper photograph). In the bottom photograph at 1500 h, a detailed LED surface delamination is shown that affects the left side (between the two wire bondings). At 2500 h, in the upper photograph focusing on the glass lens of the LED, it is observed that the crack has broken the silicone located between the chip and the lens. We do not appreciate degradation in any glass lens. The detailed photograph at 2500 h (bottom photograph) focused on the chip, and a delamination with conchoidal shape delimited to metallization can be observed. A photograph at 4020 h focused on the surface of the chip shows the final state of the LED.
Another relevant result is that silicone degradation produces a self-heating effect due to internal light reflections that origínate at a Tj increment of 1.5 °C with regard to LEDs without silicone degradation (measured with method from Section 3).
To analyze the LED package degradation process, static thermal simulations have been performed at T a = 25 °C and 600 mA continuous working condition. These simulations are based on the 3D finite element method (FEM), and it is a suitable tool for evaluating package devices and for comparing the experimental results [23] [24] [25] [26] . In Fig. 14 , an FEM thermal simulation of the complete package performed with Autodesk Simulation Multiphysics® is shown.
An additional step is to analyze the mechanical stresses due to materials with different coefficients of thermal expansión (CTE) and temperatures. As input parameters, the previous thermal analysis results (Fig. 14) and materials parameters of Table 1 where sapphire is the base material of the UV-LEDs [3], the package has been modeled and simulated with the static stress simulation analysis (Fig. 15) . As expected, this simulation shows that the higher stresses are presented in the inter-material bonding, the ball wire bonding with chip, and the ceramic package with MCPCB. However, we have only observed cracks in the silicone package that filis the volume between the chip attached on the ceramic package and the glass lens (shown in the details of Figs. 1 and 15) .
In Fig. 15 , a detailed von Mises stress analysis can be seen exclusively for the silicone that filis the glass lens. From the simulations, the higher stress in the silicone is cióse to the two wire bondings and ball bondings and also to the path between both ball bondings. These simulation stresses are coherent with our experimental results (see Fig. 13 ), where it can be observed that the silicone crackings origínate in the wire bonding. After that, self-heating due the reflection losses in the silicone accelerates the degradation. Additionally, in the first step, new crackings are generated, and in the second step, a delamination of the silicone cióse to the metallization appears (Fig. 15 ). The delamination with the shape of "beach markings" (conchoidal fracture) are due to the fatigue of the silicone and arises from thermal expansión mismatches [27, 28] between the silicone adhered to the semiconductor chip and the silicone adhered to the upper metallization (Fig. 13) .
Proposals to mitígate package degradation
To mitígate package degradation, we propose several solutions in different technical áreas. All of them reduce thermomechanical stresses:
Without LED design modifications. It is necessary to look for solutions that achieve less thermal stresses and more homogeneous thermal distribution in the package. There are two possible solutions: one for reducing power with the cycled working condition and other for reducing and homogenizing temperature with forced convection by adding a fan to the heat sink.
Replacingthe silicone. The optical silicone is presently the best material for UV-LEDs due to its good UV radiation and thermal resistance [19] . However, due to the high CTE of silicone, the interaction of gold wire bonding and the chip with silicone has a complex solution. A possible alternative is to look for silicones with lower CTEs. Another alternative that could solve this problem is to replace the silicone with vacuum or with a gas as nitrogen.
With package modifications. It is necessary to look for package design solutions that reduce the thermo-mechanical stresses between the silicone, chip metallization, and wire bondings. The proposed solutions are the improvement of the chip metallization design [29] and the elimination or modification of wire bonding connections by Through Silicon Via (TSV) technology in the LED chip [29, 30] . In any case, a careful analysis considering cost and reliability issues must be developed.
Conclusions
In this paper, the influence of continuous and cycled working conditions in HP UV-LEDs degradation has been analyzed. Both working modes are compared in ALT tests to obtain results in a suitable period of time. LEDs have been characterized electrically, optically and thermally in static and dynamic conditions.
No catastrophic failure has been observed. Failures are due to normalized light output degradation below 70%. It has been observed that degradation increases with temperature. For the same temperature, the average failure time in cycled mode is two to three times larger than in continuous mode. The main reason is the significant reduction of the Tj LED.
UV-LED parameter evolution during ALTs identifies that the predominant mechanism of failure is encapsulation degradation. From optical microscopy, no encapsulation yellowing has been observed; however, the silicone of the package cracks and the degradation process evolves with the appearance of branches in cracking and the delamination of the silicone with respect chip metallization. This encapsulation failure starts earlier in continuous mode than in cycled mode. In conclusión, silicone package degradation (cracking) is the origin of light output degradation failure.
The encapsulation failure has been analyzed and explained by means of FEM simulations. Based on this analysis, we have proposed a set of possible solutions to mitígate package degradation. All of these alternatives must be analyzed in detail to implement them in the new LEDs package design.
As a main conclusión, we would like to emphasize that cycled working mode conditions improve the long time functionality of HP UV-LEDs. This cycled working condition is suitable for use in many applications such as real-time contaminant fluorescence detection.
